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1571 ABSTRACT 
Construction of aspheric reflectors for unstable-resona- 
tor lasers to provide an arbitrary laser mode inside the 
resonator to correct aberrations of an output beam by 
the construction of the shape of an end reflector oppo- 
site the output reflector of the resonator cavity, such as 
aberrations resulting from refraction of a beam exiting 
the solid of the resonator having an index of refraction 
greater than 1 or to produce an aberration in the output 
beam that will precisely compensate for the aberration 
of an optical train into which the resonator beam is 
coupled. 
4 Claims, 4 Drawing Sheets 
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1 2 
output reflector is corrected, or aberration that is intro- 
duced by downstream optics outside the resonator cav- 
The shape of the output reflector is specified para- 
5 metrically for a desired mode to be the locus of posi- 
tions (points) defined in a two-dimensional Cartesian 
coordinate system of mutually perpendicular axes, x and 
y by ordered pairs of coordinates xdz), ydz), where XI 
and yl are known functions of a parameter z, and its 
lo mode pattern in the resonator cavity is specified by the 
angle +dz) of its rays with respect to the x axis of the 
unstable resonator. Since the active region of a diode 
laser is virtually a two-dimensional plane, the shape of 
the cavity mirrors is fully defined in a two-dimensional 
resonator diodes, in which aberrations of an output l5 coordinate system. Therefore, the letter z does not rep- 
beam are corrected by the construction of the shape of resent an axis of a three-dimensional coordinate system; 
ter for the parametric curve of each reflector shape. resonator cavity. 
2o The subscripts 0 and 1 for the parameter z are then used 
to designate a point of origin for a ray and a point of 
for years subsequent reflection by the same reflector. The sub- 
In the 1970s and early 1980s, they were applied to semi- designate parameters of the left (output) and the right conductor lasers with mixed results. Recently there has 
for diode lasers. Advances in material uniformity and tor is viewed from the side that places the output mirror 
facet etching techniques have realized unstable resona- On the lefty as 
tor diode lasers that show good agreement between The shape of the opposite end reflector is chosen so 
theory and experiment. that a ray outside the resonator cavity exiting from the 
m s  for diode lasers are unique among UR'S for 30 Output reflector at a position specified by parameter a 
several reasons. They are usually solid resonators (Or equivalently a ray inside the resonator cavity) is 
whose outputs are taken through one of the end mirrors reflected by the opposite end reflector to the output 
of its resonant cavity, and so the output beam is defo- reflector at a position xxz), yxz) for some different 
cused by refraction as it leaves the resonator. Such parameter zi, which position of the output reflector is a 
refraction is acceptable because it may be refocused 35 fured function of both ~0 and the coordinates x,(zQ), 
externally. ~,.(zQ). By treating the coordinates x,and yras functions 
Due to their high gain, UR diode lasers are relatively of both ZQ and zl and deriving a condition that gives the 
short compared with their width, yielding high numeri- aberration correction functional form z(q), the un- 
cal aperture operation. The combination of these two known coordinates X, and yr are determined from both 
factors with the use Of circular reflective mirrors can 40 the known coordinates x&), yxz) of the output mirror 
lead to a signifcant spherical aberration in the Output a d  the known angle +xz) of its rays that define the 
beam. However, because the etched facets of TJR diode 
lasers are lithographically formed, the mirrors are not 
restricted to circular segments. 
ABERRATION C O R R E O N  OF UNSTABLE 
RESONATORS ity is corrected. 
ORIGIN OF INVENTION 
The invention described herein was made in the per- 
formance of work under a NASA contract, and is sub- 
ject to the provisions of Public Law 96-517 (35 USC 
202) in which the contractor has elected not to retain 
title. 
TECHNICAL FIELD 
The invention relates to aberration-corrected unsta- 
ble laser resonators, and particularly to solid unstable 
an end reflector opposite the output reflector of the instead, the letter is used herein to represent a parame- 
BACKGROUND ART 
resonators (uRs) have been 
for high Power lasers due to their large mode scripts 1 and r for the coordinates and and angle Cp 
been renewed interest in the use of unstable resonators 25 (Opposite reflectors, when the resona- 
in the drawings. 
resonator mode. 
The aberration-correction condition is derived from 
basic Eqs. (1) through (7) set forth below, where vari- 
In principle$ any mirror shape is possible. While the 45 ables for the reflector operate the output reflector des- 
shape Of the mirror determines both the shape Of the 
mode and the effect Of refraction through the Output ignated by the subscript r are unknown, but by solving for its derivative in F$. (3), a differential Eq. (8) is con- facet (hereinafter referred to as a mirror or reflector), it structed for z1 which will specify the function zl(a). 
Simultaneous Eqs.  (4) and (5) are solved for O,.(zo,zl) should be possible to construct a mirror shape that will yield an arbitrary mode pattern in the resonator, or 50 which define the shape of the opposite end reflector equivalently, an arbitrary field pattern outside the reso- necessary for aberration correction of an unstable reso- nator. nator. 
STATEMENT OF THE INVENTION In the case of an unstable resonator that is solid with 
The invention provides, in the limit of geometric 55 an index of refraction greater than the medium outside 
optics, construction of an end reflector opposite the of the resonator, spherical aberration caused by refrac- 
output reflector of an unstable resonator diode with a tion as the beam exits the Output mirror (coup1er) may 
shape that be corrected by so intentionally distorting the output 
outside the resonator cavity, or mirror that the aberrations of the resonator mode cancel 
t ray  mode pattern inside the cavity, that aberration in 60 the aberrations acquired by the refraction Of the exiting 
the output beam is eliminated, or in the alternative that beam though the output mirror. 
yield such an arbitrary mode 
an 
aberration is purposely introduced and tailored to cor- 
rect for known aberration of subseauent ontics outside BRIEF DESCRIPTION OF THE DRAWINGS 
the unstable resonator cavity. In either case, an unstable FIG. 1 is a schematic of a generalized unstable reso- 
resonator is provided with tailored aberration correc- 65 nator, UR, in which the left mirror is specified paramet- 
tion, by so constructing the shape of the end reflector rically as xi(z),ytz), the mode is specified by the angle of 
opposite a predefined output reflector that aberration its rays, +l(z), with respect to the resonator axis, and the 
which would otherwise have been introduced by the right mirror is to be determined. 
3 
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FIG. 2 is a plot mode of a mirror shape for magnifica- 
tion M=3 in accordance with the present invention for 
a spherical-wave optical mode. (Only the upper half of 
the mirror is plotted since it is symmetric about y=O.) 
Dashed lines trace the output rays back to the virtual 
source point. 
FIG. 3 shows the ray geometry for light refracted 
through a flat output coupler. 
FIG. 4 is a plot of the mirror shape for an aberration- 
corrected solid UR with d=l ,  M=3, n=3.4. Dashed 
lines trace the output rays back to the virtual source 
FIG. 5 is a plot of the mirror shape for an aberration- 
corrected solid UR with d=l ,  M=3, n=3.4. The hori- 
zontal scale has been exaggerated. 
FIG. 6 is a plot of the mirrors and ray-tracing for an 
aberration-corrected self-collimating UR. 
FIG. 7 illustrates an optical train for a half-symmetric 
UR with a collimated output. The rear mirror can be 
designed so that the laser mode precisely compensates 
for the aberrations of the subsequent optics outside the 
UR. 
DETAILED DESCRIPTION OF THE 
INVENTION 
As examples of the application of the present inven- 
tion to solid UR's, mirrors of several aberrationless 
resonators of interest will be discussed, including a 
resonator with ideal spherical-wave modes, a half-sym- 
metric resonator with a predistorted mode, whose out- 
put beam has identically zero spherical aberration after 
point. 
refraction through its output mirror and a self-col- 
limated unstable resonator. 
Consider a general U R  illustrated in FIG. 1, in which 
the shape of the surface of the left mirror 10 is specified 
parametrically. That surface is taken to be the locus 
points of ordered coordinate pairs xdz), ydz) , where xi 
and yl are known functions of a parameter z. Assume 
that the fundamental mode of this resonator is described 
4 
mirror vector, the gradient taken with respect to the 
parameter. For the left mirror 10, 
which is known since x&) and yl(z0) are given. For the 
lo right mirror 12, 
and since Xr  and yr are assumed to depend upon both zo 
and z1, the total derivatives d/dz in terms of partial 
2o derivatives a/az is given by 
(3) 
Jxda zi) Jxda 21) dzi(zg) 
azo  + azl dzg 
Jzg + Jzl dzo 
'l) = Jydzg, 21) Jyda zi) dri(Z0) . 25 
Further examination of FIG. 1 shows that the angles of 
inclination (angles with respect to the y axis) 8 of the 
3o mirrors and the angles 4 of the rays leaving each mirror 
are simply related; for reflection at the left mirror 10, 
+ ~ ~ 1 ) = 2 0 ~ 2 1 ) + 4 ~ z l ) .  (4) 
and for reflection at the right mirror 12, 
35 
+ ~ ~ 1 ) = 2 e ~ ~ 1 ) + + 1 ( r o ) .  (5)  
Finally, the angle of each ray can be related to the 
distances along the x axis separating the points at which 
Well by ray optics, in which the field at any Point in the 40 the rays hit each mirror. For the ray leaving the left 
resonator can be characterized by giving the direction mirror 10, 
of propagation of a ray. This is generally the case in 
unstable resonators. By specifying the desired mode in 
terms of the direction of the ray emanating from posi- 
tion xdz), ydz), and denoting that direction as angle 45 
(Pdz), which is also a known function of z, it is possible 
to correct aberration of the ray by the output mirror 10 
on the left by d e f ~ g  the shape of the end mirror 12 on 
Yda 21) - Yl(Z0) (6) 
mel(aJ) = Xdzg, 21) - Xl(zg) 
while for the ray leaving the right mirror 12, 
the right. YI(Z1) - Yda Zl) (7) 
mekG = 21) - Xl(Z1) . The reflected ray leaving the left mirror 10 at position 50 
xl(z&yl(~), and angle (p l ( z~ )  will strike the right mirror 
12 at a point x,(z,$,y&) and be reflected. Parameteha- 
tion of the right mirror 12 may be freely chosen so that 
a ray leaving the left mirror 10 from a position specified 
by parameter 
specified by The ray will eventually hit the left -- 
ror IO again at a position xdzl), ydzl) for some dierent 
parameter zl. For a given right mirror 12, z1 is a fmed 
For the right mirror 12, all of the variables with an r 
subscript are &Own; for the left mirror 10, all Ofthe 
Variables With an 1 subscript are given. The variable Z1 
hits the right mirror 12 at a position 55 is also unknown; however, it is possible to Solve for its 
derivative in Eq. (3) to construct a differential equation 
for ~ 1 :  
Jxda 21) Judzg, 21) (8) - Jzg medaz1) 
21) 
function of both mand the coordinates Xr(Q), y , (~) .  By 
thus treating xrand yras functions ofboth Qand z1, then 60 
deriving a condition that gives the correct functional 
form of z(zg), the necessary shape of the right mirror 12 
hl(Z0) Jzg -= 
Jxda 21) JYda 21) - dzg 
Jzi 
for aberration correction of theleft mirror10 is defined. 
There are seven basic equations relating the mirror The difference between the numerator and the denomi- 
shapes and the angles shown in FIG. 1. The angles 81 65 nator of the right-hand side of Eq. (8) is that in the 
and 8, at which the left and right mirrors 10 and 12 numerator the partial derivatives a/az are taken with 
locally deviate from the y axis, i.e., the angles of inclina- respect to zo, and in the denominator they are taken 
tion are related to the local gradient of the parametric with respect to z1. 
5 
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6 
Equation (8) will specify the function z~(zo) and will 
mirror 12. Eqs. (4) and (5) can be solved for &(zo,zl) to 
yield 
ultimately give parametric representation of the right x&) = 0, ydz) = z (16) 
For the moment, p(z) in Eq. (15) will be unspecified. 
tan +x%zl)=P(zl), (17) 
5 Eq. (15) reduces to 
exzozl)=el(zl)+i[~~tl)-+~~)i .  (9) 
It is useful to introduce two additional functions, p(z) 
and u(z), to simplify algebra. Define and Eqs. (12)-( 14) consequently simplify to 
10 
P ( 4  = tan+l(Z), (10) (18) 
u(z) tanel(z) = - 
u [1 + P2(roll[l + P2(Zlll - [1 + P(~O)P(Zlll 
b(Zl1 - P(r0ll dxi(2) (11) tanex& 21) = - dz 
dz 
15 21 - rg (1% dyi(z) ' 
xxxh zl) = p(z1) + p(r0) ' 
where the second part of Eq. (11) follows from the zoP(z1) + ZlP(Z0) 
definition in J3q. (1). Using these definitions and Eq. (9), Y r b  = p(z1) + p(a) . 
Next, find formulae for xr and Yr- Solving Eqs. (6) and 
(7), and using definitions (10) and (11) gives 
With this simplification, the task of explicitly obtaining 
the differential equation for z1, and calculating the par- 
and 
The remaining undefined quantity is tan Or(Z0,zl). Now 
using Eq. (4) and the definitions (10) and (1 l), write tial derivatives is simplified as follows: 
axx.m9z1) - -1 (21 - zo)p'(zo) (21) tan+xmzo, 21) = - 
P(Zl)&V) - W Z l )  - P(Z1) 
+l) + 2P(Zl)a(Zl) - 1 
The remainder of the construction proceeds as fol- 
lows: Eq. (15) is inserted into Eqs. (13) and (14); the 45 
partial derivatives with respect to zo and z1 are taken; a21 P (21) + P (lo) Lp(Z1) + p(z& ' 
(15) 4o 
azo P(Z1) + (a) - [P(Zl) + p(ZJ)J2 ' 
(22) 
(21 - lO)p'(Zl) - axxa(rg,zl) - 1 - 
and the resulting equations, plus Eq. (12) are then used 
to construct the differential Eq. (8). This first-order 
nonlinear differential equation may be numerically inte- 
grated to give the function zl(zo), which is then substi- 50 
tuted into Eqs.  (13) and (14) to yield the final right 
mirror 12 configuration. ayxzo, 21) 
in full generality, because the fully expanded deriva- 
tives cause the resulting expression for dzl/dzo to oc- 55 
cupy several pages. This renders the expression un- 
wieldy. However, the construction is easily carried out 
Mathematica, version 2.0. The derivation can be consid- 
erably simplified by suitable choice of the left mirror 60 
Flat Output Coupler 
special case of a half-symmetric resonator shown in 
FIG. 2, i.e., a resonator in which the left output mirror 65 
1 (21 - zo)p'(zo) 
'l) = p ( a )  ( a y ,  &I) + P ( d  + [P(Zl) + p(& 
It is not tembly useful to complete this construction azl = f ( d  
If the function F(zo,zl) is defined as 
by a symbolic manipulation computer program, e.g., 
and its parameterization. 
(25) 
qa zl) = ([P(ZI) - p(l0ll + p(z l ) [~[ l  + p2(1Oll[l + p2(z1)l - 
11 + P(zO)p(~l~ll~[P(Zl) + P(d1 + [Zl - zolP'(al~~~ 
In the following section, discussion is restricted to the the equation for the fUIlction Z 1 b )  may be written in 
the pleasingly 
1 0  is flat. 
ing simple choice of parameterization suggests itself. 
If the left mirror 10 is taken to be flat, then the follow- 
7 
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If the directions of the rays in FIG. 1 were reversed, the 
roles of zl and Q would reverse; the form of Eq. (26) is 
therefore a consequence of this symmetry. 
These simplified expressions will now be used to 
work out two special cases as examples: first, when the 5 
mode inside the resonator is a perfect spherical wave; 
and second, when the mode outside the resonator is a 
perfect spherical wave after passing through an aberra- 
tive refractive output coupler. 
Example: Spherical-wave mode 10 
The foregoing solutions for zl(q),x,(zo), and y,(za) 
should reduce to the conventional theory of URs for a 
spherically diverging mode and spherical mirrors in the 
paraxial approximation. To check the theory, choose a 
mode with a virtual source point at depth d= 1 (Le., at 15 
position (1,O)) inside the resonator. Then 
4dz) = tan- 'yj(2) = tan- 12, p(z) = 2. (27) 
Substituting this definition into Eq. (26) gives (after 2o 
some algebraic reduction), 
This nonlinear equation may be integrated to yield 
M is a constant of integration. In the limit of z1< < 1, 
zo< < 1, Eq. (29) reduces to 
zl=M a (30) 35 
from which it is recognized that M is simply the geo- 
metric magnification of the resonator. 
Solving Eq. (29) for zl(z0) gives 
40 
45 
Analytic expressions for the right mirror shape can be 
found by noting that, according to Eqs. (19) and (20), 
(32) 
50 
21 -a 2120 
21 + zo x A a  21) = > Y A a d = = ,  
which gives an explicit parametric representation for 
the right mirror 12': 
8 
is symmetric about y=O). The shape of the right mirror 
12' is a hyperbola. If z is eliminated from Equations (33) 
and (34), the equation for the right mirror is 
That the shape of the right mirror 12' is a hyperbola 
could also be deduced from the knowledge that a hy- 
perbola can refocus a spherical wave to another spheri- 
cal wave, a property that is used in the secondary reflec- 
tor of a Cassegrainian telescope. In fact, for a virtual 
point source optical mode, the construction of FIG. 2 is 
equivalent to the design of a Cassegrain feed looking at 
itself in a planar mirror. 
Example: Aberrationless output from a solid resonator 
Although the mode of the resonator analyzed in the 
previous example is an aberrationless spherical wave 
inside the resonator, if the resonator is solid with an 
index of refraction greater than 1, the output beam will 
be refracted as it exits the resonator and will acquire 
some spherical aberration. It is possible, however, to 
intentionally distort the right mirror 12' opposite the 
output mirror 10 functioning as a coupler and, conse- 
quently so distort the resonator mode that the aberra- 
tions of the mode are precisely canceled by the aberra- 
tions acquired by refraction through the output coupler. 
It is this possibility that is most relevant to high-index, 
high-numerical-aperture UR diode lasers. 
To implement this important case, the function +(z) 
that yields an output with a virtual point source after 
refraction through the output reflector is calculated for 
use in the construction of the appropriate shape of the 
end reflector opposite the output reflector. 
From the geometric construction shown in FIG. 3, it 
can be seen that for the output ray to have a virtual 
point source at depth d =  1, it is necessary to have 
tan W(z)=z. (36) 
Snell's Law gives the desired +I(z): 
(37) 
from which the parameterization is calculated, thus: 
This expression, and its derivative, are substituted into 
(33) 55 Eqs.  (25) and (26); the resulting differential equation, 
though complex, may be numerically integrated in a 
straightforward fashion. For the plots in FIGS. 4,s and 
6, the fourth-fifth-order Runge-Kutta algorithm in the 
(34) 6o MATHEMATICA package Rungs Kutta, m was used. 
There is one complication, however. As in Eq. (28), 
the differential equation for zl(q) has a singularity at 
zo=O. In the numerical integration, this singularity may 
be avoided by beginning the integration at Some nOn- 
65 zero value, W = E ,  and taking the initial condition to be 
zi(E)=ME. M plays the role of the constant of integra- 
tion and is the geometric magnification of the resonator. 
The solution for z~(Q) may then be substituted into the 
XI  = - Af;; ( ( l + \ T ; ; ; i p + M $ )  
( 1 + m ) 2 - M 2 2  ' 
( l + G p - M $  
By parametrically plotting x,(z) and yxz) from Eqs. (33) 
and (34), the mirror shape is plotted. 
In FIG. 2, the shape of the right mirror 12' for M=3 
is plotted along with some representative rays. (Only 
the upper half of the mirror 12' is plotted; the resonator 
5,355,388 
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expressions for xXz1,zo) and yXzi,zo) to obtain a para- 
metric representation of the mirror shape. 
In FIG. 4, the solution for a practical resonator is 
plotted With Virtual source at depth d=  1, magnification 
M=3, and n=3.4 (the index of refraction of AlGds)  5 
dong with the trajectories of several rays, both inside 
and outside the resonator. The mirror opposite the out- 
form local magnification may be derived from the local 
magnification function in a paraxial analysis. An exten- 
sion of their analysis to the more general nonparaxial 
case described here is straightforward. 
one of the interesting features of the resonators in the 
foregoing examples described above is that, since no 
approx~ations are being made, the results are 
put coup1er On the left, i.e.9 the right mirror, has been exact even for light propagation nearly normal to the 
scale exagger- optical axis, although there are, of course, diffraction 
ated to emphasize the unusual shape Of the Illirror re- 10 effects, which have not been included. m e  the exam- 
in With the 
quired to eliminate all aberrations. It is neither circular, ples have been based on relatively simple as the paraxial geometric theory presupposes, nor is it (namely, flat and circular), it is obviously possible to use hyperbolic, as the Cassegrainian virtual-point-source this invention to construct a resonator with any shape mode would specify. The modes of such a resonator are 
neither plane-wave nor spherical-wave; however, be- mirror on the left side as an output coupler. Some truly 
the resonator possesses a perfect point source. ble. 
Example: Self-collimating output Example: Compensation aberrations of external optics 
The effects of refraction for solid unstable resonators While an aberration-corrected resonator whose -- 
in the paraxial approximation have been calculated in a 2o Tor is Some arbitrary shape (say, a Gaussian) may be just 
paper by R. J. Lmg, titled “Geometric formulation of a CWiOSity, this invention has a practical application. 
unstable-resonator design and application to self-col- One could construct a resonator with an aberrated 
limating unstable-resonator diode lasers,” Opt. Lett., 16, mode and an aberrated output that is precisely compen- 
No. 17, pp. 1-3, 1991. The calculations showed that a sates for the known aberrations of subsequent optics in 
self-collimating positive-branch resonator exists for a 25 the optical train, such as those of a collimating lens. 
range of magnifications below a critical value. By using Such a design scenario for an unstable resonator 
this analysis with a nonzero a(z), it is possible to explic- diode laser 20 is illustrated in FIG. 7. It is desirable to 
itly solve for the mirror shape for ideal self-collimation. have a flat output face 21 to allow butt-coupling to a 
If the left mirror is to be a defined semicircular mirror, cylindrical microlens 22, which may be fabricated with 
it is possible to parameterize the mirror by setting 3o an aspherical cross section to collimate the beam in the 
vertical direction. This lens is followed by a conven- 
tional cylindrical lens 23 to collimate the beam laterally. 
Use of a conventional cylindrical lens for lateral colli- 
mation may introduce significant cylindrical aberration 
(40) 35 due to the high numerical aperture of the output beam. 
(The larger lateral dimension of hundreds of pm pre- 
sumably precludes use of an aberration-corrected mi- 
crolens.) By the method described above, it is possible 
to raytrace a theoretically collimated output back onto 
40 and through the laser facet, thereby calculating the 
desired $ 4 ~ )  for the lasing mode. T h i s  $4z), which will 
precisely compensate for the cumulative system aberra- 
tion, may be used to calculate the shape of the rear 
mirror 24, which is then fabricated by lithographic 
The techniques for mirror definition and etching for 
unstable resonator diode lasers are still in the early 
where n is the index of refraction. Substitution of these stages of development, as are U R  diode lasers them- 
functions into Eqs.  (8-15) gives the equation of motion selves. Nevertheless, as the ability to fabricate an arbi- 
for z1. While this equation is too complex to present 50 trary mirror shape of high optical quality becomes more 
here, it is quite straightforward to integrate. The soh- readily available, it may be used to tailor the mirror 
tion for n=3.4, M=1.5 and some representative rays shape to the requirements of the user. The traditional 
are plotted in FIG. 6. techniques of laser resonator design have been “Specify 
The constant of integration M is the geometric mag- a resonator; calculate the resulting mode.” By using the 
nification of the resonator along the optical axis. How- 55 present invention, one may specify the properties of the 
ever, the magnification is, in general, nonuniform across desired mode and construct the resonator to fit. Conse- 
the resonator. Consider a bundle of rays at the left-hand quently, the construction of unstable resonators as de- 
mirror that span the range zo to zoS-6z. After one round fined in the claims appended hereto with reference to 
trip, it will span the range zi(zo)-zi(zo+6z). The local mathematical equations constitutes construction of a 
magnification is therefore 
cause ofthe refractive output coupler, the beam outside l5 bizarre With modes are Possi- 
(39) xl(z)=cos 2, 
and 
yl(z)=sin 2. 
Therefore 
u(z)= --tan 2. (41) 
If a collimated output is required, it is necessary to have 
(42) 
45 methods and dry etching. 
60 resonator to fit the equations in a practical sense. 
I claim: 
Ma) (43) 1. An aberration-corrected unstable resonator com- 
prising a resonant cavity between two reflectors in 
which aberrations of an output beam are corrected by 
It has been shown by Ferguson and Smithers, “Opti- 65 the construction of a predefined end reflector opposite 
an output reflector of said resonator cavity with a shape 
that will yield such an arbitrary mode pattern outside 
said resonator cavity, or equivalently an arbitrary mode 
Ma) = -d r o .  
cal resonators with nonuniform magnification,” J. Opt. 
SOC. AM. Al, pp. 653-662, (1984), that the intensity 
profiles of the modes of resonators that have nonuni- 
5,355,388 
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pattern inside said cavity, in which aberration in said 
output beam is eliminated, or in the alternative is pur- 
posely introduced and tailored to correct for known 
aberrations introduced by refraction of rays exiting said 
output reflector or by subsequent optics outside said 
unstable resonator cavity, thereby providing said out- 
put beam with tailored aberration correction by con- 
structing said end reflector with said shape whereby 
aberration which would otherwise have been intro- 
duced by said output reflector is eliminated or aberra- 
tion otherwise introduced outside said resonator cavity 
is corrected, 
wherein said shape of said output reflector is specified 
parametrically for a desired mode to be the locus of 
positions defined in a two-dimensional coordinate 
system of perpendicular axes x and y by ordered 
pairs of coordinates xdz), ydz), where xi and yr are 
known functions of a parameter z, and the mode 
pattern of said output reflector in said resonator 
cavity is specified by an angle $dz) of its rays with 
respect to said x axis, and 
the shape of said end reflector opposite said output 
reflector is chosen to have the following paramet- 
ric representation 
so that a ray outside of said resonator cavity exiting said 
output reflector is reflected by said opposite end reflec- 
tor at a position xxz),y,(z) for some different parameter 
z1 which position of said output reflector is a fixed func- 
tion of both a~ and said coordinates x,.(zo),y&), where 
the subscripts 1 and r for said coordinates x and y, and 
said angle $ designate parameters of said output reflec- 
tor and said opposite end reflector, respectively, 
whereby, upon treating the coordinates X r  and yr as 
functions of both zo and z1, where the subscripts 0 and 
1 for the parameter z designate parameters for a re- 
flected ray leaving said output reflector and an exiting 
ray respectively, and deriving a condition that gives the 
aberration correction functional form z(a~), the coordi- 
nates xr and Yr  are determined from said known coordi- 
5 
10 
15 
20 
25 
30 
35 
40 
nates xr(z),yiz) of the output reflector and the known 45 
angle $r(z) of its rays that define the resonator mode by 
the following equations 
50 
55 
dzo 
for said output reflector and said opposite end reflector, 
respectively, where 8 and 8, are angles of inclination 65 
with respect to said y axis, xi(%) and yl(zo) are known, 
and X r  and Yr depend upon zo and z1, whereby total 
derivatives in terms of partial derivatives are given by 
12 
and the angles 8 of inclination of said output reflector 
and said opposite end reflector and angles $ of the rays 
reflected by said output reflector and said opposite end 
reflector are related by the following equations: 
for rays leaving said output reflector ($1, 81) and rays 
leaving said opposite end reflector (& Or), and upon 
solving the derivative of variable z1 in the fourth equa- 
tion set forth above to construct a differential equation 
for said variable zl, thus 
to specify a function zi(zo) to solve for 8,(zo,zl) simulta- 
neous equations for reflection at the left mirror 
+Aazl)=2eizl)++,m 
which defines the shape of said opposite end reflector 
required to correct for aberration of said unstable reso- 
nator. 
2. An aberration-corrected unstable resonator as de- 
fined in claim l wherein said output reflector is flat, 
13 
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from which said differential equation for zl is explicitly 
obtained and said partial derivatives are simplified as 
follows: 
tor such that tan Y(z)=z, and from Snell's Law, the 
desired d)l(Z) is given by 
5 sin+dz) = + [sinl//(z)] = 
(Zl - Zo)p'(m) - a x d a  ZI) - - 1  - 
am P@l) + (a) [P(Zl) + p(m)]2 ' 
from which the parameterization is calculated, thus: 
(' - m)p'(zo) >. where, upon the expression for p(z) and its derivative, being substituted in 
15 
20 
+ P(rO)P(zl)llHIP(zd + f('dl + 1' - 'dP'(Z0)). 25 the differential equation for zl(zo) has a at 
Q=Z, which is avoided by beginning the integration at 
some nonzero value, m= E, and taking the initial condi- 
tion to be zl(E)=ME, where M plays the role of a con- 
stant of integration and is a geometric magnification 
4. An aberration-corrected unstable resonator as de- 
said function z1, (20) takes on a symmetric form 
M m )  f l Z 0 ,  Zl) --- 
dzg - F(z1,zO) . 30 factor of the resonator. 
3. & aberration-corrected unstable resonator % de- 
fjed in claim 2 wherein said resonator comprises a solid 
fined in Claim 2 wherein Said unstable resonator is Opti- 
cally cGuP1ed to an optical train having a known aberra- 
tion, said unstable resonator having said end reflector 
opposite said output reflector, said output reflector 
being constructed intentionally with an aberrated mode 
and ar. aberrated output that precisely compensates for 
said known aberration of said optical train into which 
said output beam of said unstable resonator is coupled. 
with an index of refraction greater than 1 such that said 35 
output beam is refracted as it passes through said output 
reflector* and wherein said end leflector Opposite said 
Output reflector is constructed with a function $(z) that 
yields an output beam with a virtual point Source at 
depth d= 1 after refraction through said output reflec- 40 * * * * *  
45 
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